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Abstract: Tunnel construction commonly causes deformations of the surrounding ground, which 
can endanger buildings and other structures located in the vicinity of the tunnel. The prediction 
of these deformations and damages to buildings is difficult, due to limited knowledge of 
geotechnical conditions and due to uncertainty in predicting the response of the structures to the 
settlements. This motivates the development of a probabilistic model for the prediction of 
tunneling-induced damage to buildings. We propose such a model, based on the classical 
Gaussian profiles for the approximation of the subsidence trough and the equivalent beam 
method for modeling the response of the building walls. In practice, settlements are commonly 
monitored through deformation measurements. To account for this, we present a Bayesian 
method for updating the predicted settlements when measurements are available. Finally, we 
show how maximum allowable settlements, which are used as threshold values for monitoring of 
the construction process, can be determined based on reliability-based criteria in combination 
with measurements. The proposed methodology is applied to a group of masonry buildings 
affected by the construction of the L9 metro line tunnel in Barcelona.  
 
Keywords: Tunneling, allowable settlement, building damage, equivalent beam, reliability, 
Bayesian updating.  
1. Introduction  
Tunneling construction leads to ground subsidence, which can endanger buildings and 
infrastructure in the vicinity of the tunnel. Settlements caused by tunneling can be modeled using 
Gaussian profiles (Peck, 1969; Attewell and Woodman, 1982; Attewell et al., 1986). This simple 
model describes the geotechnical conditions by two parameters: the volume loss 𝑉! and the 
trough width parameter 𝐾 of the settlement trough. Once the settlement profile is determined, the 
resulting damages in buildings are commonly modeled by applying the equivalent beam method 
(Burland and Wroth, 1974; Boscardin and Cording, 1989). This method determines the 
maximum tensile strain in a particular building wall by modeling it as a linear elastic beam 
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subjected to a given deflection ratio. This strain value is then compared with limiting strain 
values, which define different categories of damage to buildings, from negligible to very severe. 
Prediction of damages is important as a basis for tunnel design, selection of the construction 
technology and for setting allowable limits on settlements. These allowable values of settlement 
are used in the construction phase for control purposes: if the measured settlement exceeds the 
allowable values, the construction is stopped and/or additional safety measures are taken. 
However, the prediction of damages to buildings caused by tunnel construction entails 
uncertainty due to (a) our limited knowledge of geotechnical conditions and simplified 
geotechnical models and (b) uncertainty on the response of structures subjected to differential 
settlements. This motivates the use of probabilistic approaches for the prediction of settlements 
and for determining allowable settlement values (Gong et al., 2014).  
First attempts to the determination of allowable settlements for buildings were made by 
Skempton and McDonald (1956), who defined allowable settlements according to evidence of 
existing data surveys of buildings. Settlement limits were determined for cases of panels in frame 
buildings and walls in load-bearing wall buildings. At present, the limits on allowable 
settlements are usually determined on a deterministic basis without consideration of uncertainty 
in the ground and building parameters. For example, Yoo and Kim (2003) proposed an approach 
for the determination of the maximum allowable volume loss in the construction of the Metro 
Subway Line 2 in Daegu (South Korea). The approach was based on a Gaussian profile of the 
settlement trough and the equivalent beam model. An iteration procedure was applied to identify 
the value of volume loss (and hence the allowable value of settlement) that would lead to 
damages below an acceptable level. 
We propose a probabilistic model for the estimation of building damage due to tunneling, which 
is based on the Gaussian profile for the approximation of the subsidence trough and the 
equivalent beam method for modeling the response of the building walls (Sec. 2). The proposed 
methodology allows taking into account the uncertainties associated with the main model 
parameters, namely the volume loss 𝑉!, the trough width parameter of the settlement profile 𝐾, 
the ratio of the Young’s modulus to the shear modulus of the building and the model errors.  
Based on the probabilistic model, we propose a novel approach for determining the allowable 
settlement on a reliability basis (Sec. 3). We demonstrate how the probabilistic model can be 
updated based on measurements using Bayesian analysis. This allows the computation of the 
conditional probability of damages given settlement measurements. The allowable settlement is 
then defined as the maximum measured settlement, for which the conditional probability of 
damage to a building wall is acceptably low. The approach was first introduced in Camós et al. 
(2013), here it is extended to account for the fact that the settlement depends on the actual phase 
of construction, i.e. on the distance of the tunnel heading from the point of measurement.  
The proposed methodology is applied to a case study of masonry buildings affected by the 
construction of the L9 metro line in Barcelona (Sec. 4). A parametric study is included to analyze 
the influence of the different model parameters on the estimation of allowable settlements.  
2. Probabilistic model of building damage due to tunneling 
A typical tunneling situation is depicted in Figure 1 and Figure 2, with a building wall of length 𝑙!"#$%, with its reference point 𝐴 located at a distance 𝑑!"#$ from the origin of coordinates and 
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aligned 𝜃 degrees with respect to the tunnel transverse plane (Camós and Molins, 2015). The 
depth of the tunnel axis and the tunnel diameter are 𝑧! and 𝑑 respectively. Note that the analysis 
of an entire building should include all exterior walls. However, from now on we will refer to 
building damage as the damage occurring only in a particular wall, without considering the 
contribution of the other walls. Alignments counterclockwise with respect to the 𝑥-axis are 
positive (𝜃 > 0). The 𝑦 axis follows the tunnel longitudinal axis, whereas the 𝑥 axis corresponds 
to a transverse plane to the tunnel. The origin of coordinates is set to the intersection of the 
longitudinal axes of the tunnel and of the building wall. This implies that the coordinate system 
is a different one for each considered building (wall). The tunnel face is located at coordinate 𝑦! 
and it advances towards 𝑦 = −∞, following the criteria set by Attewell et al. (1986) 
 
Figure 1. Tunnel and building positions (from Camós and Molins, 2015). 
 
 
Figure 2. 3D view of tunnel and building wall positions  
 4 
2.1 Modeling of ground settlement – Gaussian profiles 
Gaussian profiles of tunneling-induced settlements consist of a Gaussian probability density 
function describing the shape of settlements in the transverse direction (𝑥-axis) and a Gaussian 
cumulative distribution function describing it in the longitudinal direction (𝑦-axis). An example 
of a Gaussian profile is shown in Figure 3.  
 
Figure 3. Settlement trough produced by tunnel excavation in the transverse (𝑥) and longitudinal (𝑦) 
directions. The origin of the coordinate system is set relative to the position of the analyzed building wall.  
The settlement in [mm] at a certain position with coordinates 𝑥,𝑦, 𝑧 in [m] is calculated by 
(Peck, 1969; Attewell and Woodman, 1982; O’Reilly and New, 1982): 𝑆 𝑥,𝑦, 𝑧,𝑑,𝑦!,𝑦!,𝑦! , 𝑧!,𝑉! ,𝐾! ,𝐾! = −1000 · 𝑆!"# · 𝑒𝑥𝑝 − 𝑥!2 · 𝐾!! · 𝑧! − 𝑧 ! · · Φ 𝑦 − 𝑦! + 𝑦!𝐾! · 𝑧! − 𝑧 −Φ 𝑦 − 𝑦!𝐾! · 𝑧! − 𝑧  (1) 
where 𝑆!"# is the absolute value of maximum settlement far behind the tunnel face, where the 
deformations are fully developed. It is calculated as: 𝑆!"# = 𝑉! · 𝜋 · 𝑑!2𝜋 · 𝐾! · 𝑧! − 𝑧 · 4 (2) 𝑑 and 𝑧! are given in meters. 𝑧! is a positive magnitude. 𝑦! represents the position of the tunnel 
face as shown in Figure 1. 𝑦! is the horizontal shift of the longitudinal settlement profile with 
respect to the tunnel face. 𝑦! is the distance of the tunnel portal. In the remainder of this paper 
we consider a situation when the tunnel heading is far from the tunnel portal, i.e. we set 𝑦! = +∞. Φ(. ) is the standard normal cumulative distribution function. Note that term of Φ(. ) 
in Eq. (1) that contains 𝑦! becomes 0 if 𝑦! = +∞. 𝑉! is the volume ground loss per unit, 𝐾! and 𝐾! are non-dimensional trough width parameters describing the Gaussian settlement profiles in 
the transverse and longitudinal direction. 𝐾! and 𝐾! depend on the type of soil: high values of 
the parameter indicate flat/broad settlement curves (stiff or soft silty clays), low values indicate 
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sharp/narrow settlement curves (granular soils). In this paper we limit ourselves to the case of 𝐾! = 𝐾! = 𝐾, as it is often assumed in tunneling design (Attewell et al., 1986). The product 𝐾 · 𝑧! determines the location of the inflection points 𝑖! =    𝑖! = 𝑖 of the Gaussian profiles. 𝑉! 
and 𝐾 are modeled as random variables (RVs). Note that settlements 𝑆 in Eq. (1) are considered 
to be negative along the 𝑧-axis. It is important to keep this sign convention for the correct 
application of related equations of ground horizontal displacements and strain (see Annex B). 
However, references to settlement magnitudes will be expressed in absolute values throughout 
the paper.  
It is usually assumed that the settlement above the tunnel face corresponds to half the maximum 
settlement 𝑆!"#, which occurs at a distance far behind from the tunnel face. However, it has 
been shown that this value can be lower, depending on the type of ground and the construction 
technology (Nomoto et al. 1995, Fargnoli et al. 2013).  Field observations for shield tunneling in 
sands or silts indicate that a major part of the settlements is related to the tail void, since tunnel 
pressure tends to restrict ground movements on the heading. Therefore, the surface settlement 
above the tunnel face is expected to be lower than 0.5·𝑆!"# for these soil types. To address this, 
the parameter 𝑦! is introduced in Eq. (1) to model the shift of the longitudinal Gaussian 
settlement profile with respect to the tunnel face – see Figure 4. The horizontal shift 𝑦! is given 
by (Camós and Molins, 2015):  𝑦! = −𝛷!! 𝛿 · 𝐾 · 𝑧!   (3) 
where 𝛿 is the ratio between the surface settlement above the tunnel face and the maximal 
settlement 𝑆!"# at infinite distance of the face: 𝛿 = 𝑆(𝑥 = 𝑧 = 0,𝑦 = 𝑦!)𝑆(𝑥 = 0,𝑦 = +∞, 𝑧 = 0) = 𝑆(𝑥 = 𝑧 = 0,𝑦 = 𝑦!)𝑆!"#    (4) 
 
 
Figure 4. Longitudinal settlement profile for 𝛿 = 0.2  (solid line) and for  𝛿 = 0.5 (dashed line) (from 
Camós and Molins, 2015). 
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2.2 Modeling of the building response: the equivalent beam method 
The response of the building to the settlement is modeled using the equivalent beam method, 
which represents a building wall by means of a weightless linear elastic rectangular beam. The 
extreme tensile strains in the beam are calculated for a given shape of the deflection. The 
distribution of strains in the beam depends on the mode of deformation. Therefore, extreme 
modes of bending and shear are analyzed separately. The extreme fiber strains in bending, 𝜀!", 
and in shear, 𝜀!", are given by the following equations: 𝜀!" 𝑉! ,𝐾,𝐸𝐺 = 𝜀!"#$ + 𝜀! · 𝐸!!" (5) 
 
𝜀!" 𝑉! ,𝐾,𝐸𝐺 = 𝜀! 1− 𝐸4𝐺 + 𝜀!!16 𝐸𝐺 ! + 𝜀!"#$! · 𝐸!!" (6) 
where !! is the ratio between the Young’s modulus and the shear modulus of the building 
material; !! is modeled as a RV. 𝐸!!" and 𝐸!!" are multiplicative model errors, they are lognormal 
RVs with mean value equal to 1.  𝜀!"#$ and 𝜀!"#$ are the maximum bending and shear strains due to deflection. Their calculation 
is described in Annex A. 𝜀! is the resultant horizontal strain in the ground surface along the base 
of the beam. It is calculated based on the field of ground horizontal displacements as (Camós and 
Molins, 2015): 𝜀!(𝑥,𝑦, 𝑧,𝑉! ,𝐾) ≡ cos! 𝜃 · 𝜀!,!! + sin! 𝜃 · 𝜀!,!! + 2 · cos𝜃 sin𝜃 · 𝜀!,!"   (7) 
where 𝜃 is the angle between the axes of the wall and of the tunnel, as shown in Figure 1 and 𝜀!,!!, 𝜀!,!! and 𝜀!,!" are the fields of strain in the ground that are calculated as shown in Annex 
B. Note that Eq. (7) is an extension of the typically used model that assumes that one of the 
building axes is perpendicular to the tunnel axis. The proposed extension allows modeling an 
arbitrary position of the building wall with respect to the tunnel. If the wall is perpendicular to 
the tunnel axis (i.e. 𝜃 = 0), Eq. (7) reduces to 𝜀! = 𝜀!,!!. If the wall is aligned with the tunnel 
longitudinal axis (i.e. 𝜃 = 90), Eq. (7) reduces to 𝜀! = 𝜀!,!!. 	  
The calculation of extreme fiber strains according to Eqs. (5)-(6) is performed separately for the 
zone of the building undergoing sagging deflection and for the zones undergoing hogging 
deflection, as explained in Annex A. The building can be divided into up to 3 zones: one sagging 
zone and two hogging zones (case d in Annex A). For each zone, the maximum strains in 
bending and in shear are calculated. The damage on the buildings is then determined depending 
on the maximum strain 𝜀!"#: 𝜀!"# = max  [𝜀𝑏𝑟𝑠𝑎𝑔,𝜀!"!"#,  𝜀!"!!",!,𝜀!"!!",!,𝜀!"!!",!,𝜀!"!!",!] (8)  
where 𝜀!"!"#, 𝜀!"!!",! and 𝜀!"!!",! are the maximum bending strains in sagging and hogging in the 
three zones, obtained with Eq. (5), and 𝜀!"!"#, 𝜀!"!!",! and 𝜀!"!!",! are the maximum shear strains in 
sagging and hogging obtained with Eq. (6). 𝜀!"# is a function of the random variables 
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𝐗 = [𝑉!;𝐾; !! ;𝐸!!"!"#;𝐸!!"!!",!;𝐸!!"!!",!;   𝐸!!"!"#;𝐸!!"!!",!;𝐸!!"!!",!]. The last six random variables in 𝐗 are 
the errors of the equivalent beam model in individual zones of sagging and hogging. All these 
errors are assumed to be statistically independent. 
Based on 𝜀!"#, one can estimate the size of the cracks in the building. The approach of Burland 
et al. (1977) is used in this paper for classification of the damage magnitudes as shown in Table 
1.  
Table 1. Classification of damage (Burland et al., 1977) 
Category 
of damage 
Normal degree 
of severity 
Typical damage Tensile strain 𝜺𝒎𝒂𝒙 %  𝜺𝒍𝒊𝒎 %  
0 Negligible Hair cracks less than 0.1mm 0 – 0.050 0.050 
1 Very slight Fine cracks up to 1mm 0.050 – 0.075 0.075 
2 Slight Cracks easily filled up to 5mm 0.075 – 0.150 0.150 
3 Moderate Cracks from 5 to 15mm 0.150 – 0.300 0.300 
4 Severe Extensive repair works. Cracks from 15 to 25mm > 0.300 - 
5 Very severe Partial or complete rebuilding. Cracks > 25mm - - 
2.3 Definition of intolerable damage 
The failure of the construction process 𝐹 is here defined as a situation when the tunneling causes 
an intolerable damage to the building. 
The interest is in calculating the probability of an intolerable damage in the building due to the 
tunneling-induced settlements. It is assumed that intolerable damage 𝐹 occurs if the maximum 
strain (𝜀!"#) according to Eq. (8) exceeds the limiting tensile strain value 𝜀!"# for a target 
category of damage (Table 1). In the following, we consider cracks with a width larger than 
0.1mm to be not tolerable; hence the limiting strain defining the intolerable damage is taken as 𝜀!"# =  0.05%.  
To describe failure, the limit state function (LSF) is defined as 𝑔 𝐗 = 𝜀!"# − 𝜀!"# 𝐗  (9) 
By definition, failure 𝐹 occurs when the LSF takes values smaller or equal to zero (Melchers, 
1999). In the outcome space of the random variables 𝐗, we can identify the failure domain Ω! = {𝑔 𝐱 ≤ 0}. The probability of intolerable damage hence equals the probability of 𝐗 taking 
a value within the failure domain: Pr 𝐹 = Pr  (𝐗 ∈ Ω!) (10) 
Note that this definition of LSF is suitable when applying sampling methods for the computation 
of probabilities. If methods such as First-Order Reliability Method (FORM) were used, separate 
LSFs for 𝐸!!"!"#, 𝐸!!"!!",!, 𝐸!!"!!",!,  𝐸!!"!"#, 𝐸!!"!!",! and 𝐸!!"!!",! should be defined and the failure event 
should be described as a series system (Der Kiureghian, 2005).  
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3. Reliability-based criteria for settlement monitoring  
During the construction, measurements of the surface settlement are performed. These 
measurements are used to decide if the settlements are acceptable or if additional mitigation 
measures must be taken. 
We denote by   𝑆! a settlement measurement that is used for the control of ground behavior in the 
vicinity of a building. It is taken at the position (𝑥!,𝑦!, 𝑧!), at the time when the tunnel face is 
located at 𝑦!! as shown Figure 5. It is here assumed that the position of the measurement is so 
close to the analyzed building wall that the same ground behavior can be expected at the point of 
measurement and under the building. For this analysis it will be considered that 𝑧! = 0. 
 
Figure 5. Position of the analyzed building, tunnel face, and measurements.  
The quantity used for deciding if additional measures are necessary is the probability of failure Pr  (𝐹), i.e. the probability of intolerable damage. If this probability exceeds the target 
probability 𝑝!, then measures must be taken. When a measurement 𝑆! is available, the relevant 
quantity becomes the conditional probability of failure given the measurement, Pr  (𝐹 𝑆! = 𝑠!).  
To facilitate application of this criterion in practice, one can determine a corresponding 
allowable settlement 𝑠!"# from the following condition: Pr  (𝐹 𝑆! = 𝑠!"#) =   𝑝! (11) 
Any measurement 𝑠! > 𝑠!"# implies that Pr  (𝐹 𝑆! = 𝑠!"#) >   𝑝! and triggers further actions. 
In Sec. 3.1, the computation of the allowable settlement 𝑠!"# is presented. Sec. 3.2 describes the 
calculation of 𝑠!"# when additional observations of settlement gathered during the tunnel 
construction (denoted as 𝑠!)  are taken into account.  
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3.1 Determination of the allowable settlement and effect of the measurement on the reliability  
The conditional probability of Eq. (11) can be determined by means of Bayesian updating 
techniques following Straub (2011). The approach was applied to geotechnical reliability with 
deformation measurements in Papaioannou and Straub (2012).  
The relationship between the measured settlement 𝑆! and the settlement 𝑆 calculated according 
to Eq. (1) is: 𝑆! = 𝑆(𝑥!,𝑦!, 𝑧!,𝑉! ,𝐾)+ 𝐸! + 𝐸! = 𝑆(𝑥!,𝑦!, 𝑧!,𝑉! ,𝐾)+ 𝐸! (12) 
where 𝐸! is the model error representing the deviation of the real settlement from the idealized 
Gaussian shape, and 𝐸! is the error of measurement on the site, which reflects imprecision of the 
instruments, human errors, effect of temperature changes. It is 𝐸! = 𝐸! + 𝐸!. 
The measurement 𝑆! is used to update the random variables volume loss 𝑉! and trough width 
parameter 𝐾 at the location of the measurement. The relation between the measurement 𝑆! and 𝑉! and 𝐾 can be described by a likelihood function. The likelihood function is the conditional 
probability density function (PDF) of the measurement outcome given particular values 𝑉! = 𝑣! 
and  𝐾 = 𝑘. By rearranging Eq.(12) we obtain 𝐸! = 𝑆! − 𝑆(𝑥!,𝑦!, 𝑧!,𝑉! ,𝐾). The PDF of the 
error 𝐸! is 𝑓!. The likelihood function is therefore: 𝐿 𝑣! , 𝑘 = 𝑓! 𝑠! − 𝑆 𝑥!,𝑦!, 𝑧!, 𝑣! , 𝑘  (13) 
Following Straub (2011), this likelihood function can be expressed by a LSF: ℎ 𝑣! , 𝑘,𝑢 = 𝑢 −Φ!! 𝑐𝐿 𝑣! , 𝑘  (14) 
where 𝑢 is the realization of a standard normal RV, Φ!! is the inverse standard normal CDF and 𝑐 = 𝜎!! · 2𝜋 is a scaling constant chosen to ensure that 𝑐𝐿 𝑣! , 𝑘 ≤ 1 for all 𝑣! , 𝑘. This LSF 
defines the observation domain Ω! = ℎ(𝑣! , 𝑘,𝑢) ≤ 0  in the outcome space of the RVs 𝐗  and 
the standard normal variable 𝑈. The conditional probability of failure for a given settlement 
measurement 𝑠! is then computed as: Pr  (𝐹 𝑆! = 𝑠!) = Pr 𝐹 ∩   𝑆! = 𝑠!Pr   𝑆! = 𝑠! = Pr 𝐱,𝑢 ϵ{  Ω! ∩   Ω!}Pr 𝐱,𝑢 ϵ  Ω!  (15) 
where   Ω! is the failure domain defined by the LSF given in Eq. (9). 
This conditional probability is evaluated with Monte Carlo Simulation(MCS) for different values 
of 𝑠!. The allowable settlement value 𝑠!"# ensuring Eq. (11) is then found iteratively.  
3.2 Including additional measurements at earlier locations 
Measurements of surface settlement are made during the whole construction process, not only in 
the vicinity of the analyzed building. All measurements that are taken in the quasi-homogeneous 
geotechnical section of the tunnel in which the analyzed building is located may be used to infer 
the behavior of the ground at the building. 𝑁 measurements 𝐬 = (s!, s!,… , s!,… s!) are obtained 
along the tunnel. The 𝑖-th measurement is made at position 𝑥! ,𝑦!,𝑧!, when the tunnel face is 
located at 𝑦!! (see Figure 5).  
 10 
As above, the uncertain geotechnical conditions in the quasi-homogeneous section are 
characterized by volume loss 𝑉! and trough width parameter 𝐾. The values of these parameters 
vary even within a quasi-homogeneous section, due to random fluctuations. This variability of  𝑉! and 𝐾 is here described by stationary stochastic processes with constant autocorrelation 
functions 𝑅! 𝑏 = 𝜌! and 𝑅!" 𝑏 = 𝜌!!, where 𝑏 > 0 is the distance between two locations 
within the section. In other words, it is assumed that trough width parameter 𝐾 has the same 
marginal distribution at any location within the section and that the values of 𝐾 at two locations 
are correlated with correlation coefficients 𝜌!, independent of the distance between them. The 
same holds for 𝑉!. This simple correlation model was selected based on analysis of a small 
dataset from a constructed tunnel; it should be enhanced in the future based on the analysis of a 
larger amount of data.  
The new measurements s!,… s! can be expressed by separate likelihood functions 𝐿!,… , 𝐿!, 
following Eq. (13). For each likelihood function 𝐿!, one can find the corresponding observation 
domain Ω! defined by means of a LSF ℎ! 𝑣!! , 𝑘! ,𝑢!  as described in Eq. (14). Here, 𝑣!! and 𝑘! 
are the realizations of the random processes 𝐾 and 𝑉! at the location 𝑥! ,𝑦! , 𝑧! of the 
measurement. 
To update the maximum allowable settlement measurement at the position (𝑥!,𝑦!, 𝑧!) 
conditional on the existing measurements 𝐬, the failure probability conditional on 𝑠! and 𝐬 is 
computed (compare with Eq. (15)): Pr  (𝐹 𝑆! = 𝑠!, 𝐒 = 𝐬) = Pr 𝐹 ∩ 𝑆! = 𝑠! ∩ 𝐒 = 𝐬Pr 𝑆! = 𝑠! ∩ 𝐒 = 𝐬  = Pr 𝐱,𝑢,𝑢!,…𝑢! ∈ Ω! ∩ Ω! ∩ Ω! ∩…∩ Ω!Pr 𝐱,𝑢,𝑢!,…𝑢! ∈ Ω! ∩ Ω! ∩…∩ Ω!  (16) 
Analogous to the procedure in Sec. 3.1, this conditional probability is evaluated for different 
values of 𝑠!. The updated allowable settlement 𝑠!"#∗  ensuring Eq. (11) is found iteratively. 
It is important to remark that the uncertainty of errors has computational implications. The 
calculation of Pr  (𝐹!!"# 𝑠!) is performed by using Eqs. (15) and (16): the total number of 
samples being in the failure and observation domains (Ω! ∩ Ω!) is divided by the total number of 
samples in the observation domain Ω!. The acceptance of samples being in the observation 
domain Ω! depends on the likelihood of the observations (Eq. (14)). Therefore, the higher the 
standard deviation of the errors, the higher is the number of samples included in Ω!. Low 
standard deviations of 𝐸! and 𝐸! will reduce substantially the number of samples fulfilling the 
condition to be in the observation domain Ω! and thus, the accuracy of the determination of the 
probability of failure will be rather low. If computational efficiency were desirable, advanced 
sampling methods could be used instead of MCS for solving Eq. (15), see Straub (2011), 
Papaioannou and Straub (2012), Straub and Papaioannou (2014). 
4. Case study 
The proposed method is applied to a case study of the L9 metro line construction in Barcelona. 
The damage produced to a complex of attached masonry buildings from the late 1920’s located 
in the Bon Pastor area is studied. Buildings were affected by the construction of a precast 
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segment tunnel lining with an Earth Pressure Balance - Tunnel Boring Machine (EPB-TBM). An 
equivalent beam analysis of the buildings was performed in Camós et al. (2014), showing the 
validity of this model. The location of the buildings and the tunnel is shown in Figure 6. The 
curvature of the tunnel axis is neglected in the following calculations. The analysis will be 
performed on the façade of 6 attached dwellings. The soil in the zone of study is characterized by 
the interbedding of sediment layers with a high variety of grain particle distributions such as 
grained sands, gravels, blocks in sandy matrix, clay and silts and coarse sands and gravels 
(Deulofeu et al. 2007). 
 
 
Figure 6. Location of attached buildings, tunnel track and position of measurements (dataset DS1) in Bon 
Pastor - Barcelona (source of the aerial map: DigitalGlobe®2014 – Institut Cartogràfic de Catalunya) 
4.1 Model parameters  
The tunnel diameter 𝑑 in the studied section is 12m, the depth of the tunnel is 𝑧! = 23m. The 
length of the building façade complex is 46m, the angle between the axes of the building and the 
tunnel is 𝜃 = 154º. Note that due to symmetry about the 𝑦-axis, both alignments  𝜃 = 154º and 𝜃 = 26º are equivalent. The wall height is 𝐻 =3m and it follows that the inertia per unit length 
of the cross-section of the wall is equal to 𝐼 =2.25m4/m. The parameter 𝑡 equals 1.5m in the 
sagging zone and 3m in the hogging zone and it is 𝑎 = 𝑡 for both zones. The ratio between the 
surface settlement above the tunnel face and the maximal settlement is selected as 𝛿=0.3, which 
is a realistic value for the type of ground considered here (Nomoto et al. 1995, Fargnoli et al. 
2013). 
The parameters of the random variables considered in the model are summarized in Table 2. The 
trough width parameter of the settlement profile 𝐾 usually varies in the range from 0.2 to 0.3 in 
case of granular soils, from 0.4 to 0.5 in case of stiff clays and it can reach a value of 0.7 in soft 
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silty clays (Burland, 2008). The mean value of the trough width parameter 𝐾 is set at 0.3 and the 
coefficient of variation (c.o.v.) is assumed equal to 0.2. 𝐾 is non-negative and the lognormal 
distribution is thus used. A high spatial correlation of 𝐾 is assumed within the quasi-
homogeneous geotechnical section and the correlation coefficient of the underlying normal RV is 
thus set to 𝜌! = 0.7.  
Experience from tunneling constructions in similar conditions (TYPSA, 2003) shows that the 
volume loss 𝑉! typically takes values in the range from 0.1% to 0.6%. The uncertainty on these 
values is high due to many unpredictable factors that influence ground losses, including 
unexpected geological strata, technical problems of the TBM and human errors. 𝑉! is modeled by 
a lognormal distribution with mean 0.4% and c.o.v. 0.4. 𝑉! is primarily influenced by the 
construction process and it is typically highly variable within one quasi-homogeneous section. 
For this reason, the spatial correlation of the volume loss is assumed to be zero, 𝜌!! = 0.  
A value equal to 2.5 is typically assumed for the ratio 𝐸/𝐺 of masonry buildings. Uncertainty is 
also present in this parameter due to the variety of orthotropic materials composing a building, 
yet this uncertainty is relatively small. Therefore, 𝐸/𝐺 is here modeled by a beta distribution 
defined on the interval 2.4 to 2.6, which is a typical range of this ratio for masonry (Burland, 
2008). Ideally, an unbounded distribution should be chosen, since the bounds imposed by the 
beta distribution are not physically justified. However, the effect of this modeling choice here is 
small.     
The building is divided to one sagging and one hogging zone. Two values of extreme fiber strain 
in shear 𝜀!"!"# and 𝜀!"!!" and two values of extreme fiber strain in bending 𝜀!"!"# and   𝜀!"!!" are thus 
computed using the equivalent beams model following Eqs.(5)-(7). The multiplicative model 
errors of the model 𝐸!!"!"#, 𝐸!!"!"#,  𝐸!!"!!", 𝐸!!"!!", are described by lognormal distributions with mean 
equal to 1 and st.dev. 0.05. The errors are assumed to be independent.  
Table 2. Random parameters of the model. 
Parameter [units] Description Distribution Mean St. dev. 𝑲 [-] Trough width parameter lognormal (-1.22, 0.20) 0.3 0.06 𝑽𝑳 [%] Volume loss lognormal (-0.99,0.39) 0.4 0.16 𝑬/𝑮 [-] Material ratio beta (2,2,[2.4,2.6]) 2.5 0.045 𝑬𝒎 [mm] Measurement error normal (0.0,1) 0.0 1 𝑬𝒇 [mm] Settlement model error normal (0.0,2) 0.0 2 𝑬𝜺𝒃𝒓𝒔𝒂𝒈, 𝑬𝜺𝒅𝒓𝒔𝒂𝒈,  𝑬𝜺𝒃𝒓𝒉𝒐𝒈, 𝑬𝜺𝒅𝒓𝒉𝒐𝒈[-] Eq. beam model errors lognormal (0.0,0.05) 1.0 0.05 
The results of the analyses performed in the following paper are achieved with 5·106 simulations. 
The building is discretized in 50 calculation points. The computing time is about one hour by 
using a computer with Intel Core i7 930 @ 2.80 GHz processor, 8GB RAM and operating 
system Windows 7 Professional 64 bits.  
For simplicity, the following calculations take into account the whole length of the building. 
However, in case of long buildings as the analyzed one, the part of the building subjected to 
settlements lower than 1mm should be disregarded in order to avoid the possible overestimation 
of 𝜀!"#$ and 𝜀!"#$ and the underestimation of 𝜀! (see Camós and Molins, 2015).     
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4.2 Probabilistic prediction of settlement and building damage  
A probabilistic prediction of settlement at the location of the building (𝑥,𝑦, 𝑧) = (0,0,0) is 
performed by using the Eq. (1). Figure 7 shows the cumulative distribution functions of the 
predicted settlement 𝑆(!,!,!) for different positions of the tunnel face 𝑦!, Table 3 summarizes its 
mean and standard deviation. The predicted mean values of settlement vary from 0.6mm for the 
case when the tunnel face is 10 meters before the building (𝑦!=+10) to 27mm for the case when 
the tunnel face passed under the building and it is 50 meters behind (𝑦!=-50m). The difference of 
the settlement for 𝑦!=-20m and 𝑦!=-50m is very low, which indicates that at these distances, the 
maximal settlement 𝑆!"# is reached.   
 
Figure 7. Cumulative distribution function of settlement 𝑆(!,!,!) for different positions of the tunnel face 𝑦!. Means and standard deviations of the settlements are summarized in Table 3. 
Table 3. Mean and standard deviation of settlement 𝑆(!,!,!) for different positions of the tunnel face 𝑦!.  
Position of tunnel face 𝒚𝒔 (m) Mean (mm) St. dev. (mm) 
+10 0.6 0.4 
+5 2.7 1.1 
0 8.2 3.7 
-5 16.3 8.6 
-10 22.8 11.6 
-20 26.9 12.6 
-50 27.2 12.5 
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Only a negligible damage (Category 0) is considered as acceptable, as is usual in tunneling 
construction. More severe damages to buildings are considered as intolerable, therefore the 
limiting tensile strain is set to 𝜀!"# =  0.05% following Table 1. 
The prior probabilities of intolerable damage calculated using Eq. (10) are shown in Table 4. It 
can be seen that for positions of the tunnel face 𝑦! < 0, the probability of damage is in the order 
of 25%. This high probability of damage is due to the large uncertainties of the ground behavior 
and of the measurement and model errors as well as due to the strict definition of intolerable 
damage (category 1 or higher of Table 1). Note that the probability of intolerable damage is 
slightly higher if tunnel face is located at 𝑦! =-10m than at 𝑦! =-20m. This difference is due to 
the alignment of the building with respect to the tunnel axis (𝜃 = 26°). The combination of 
deflection ratios and ground horizontal strain 𝜀! at the wall results to be more critical when 
tunnel face is at 𝑦! =-10m than when it is at 𝑦! =-20m. 
Table 4. Unconditional probabilities of intolerable damage for different positions of the tunnel face.  
Position of tunnel face  𝒚𝒔 =+10m 𝒚𝒔 =+5m 𝒚𝒔 =0m 𝒚𝒔 =-5m 𝒚𝒔 =-10m 𝒚𝒔 =-20m 
Probability of damage 𝐏𝐫 𝑭  0% 0.01% 8% 23% 28% 25% 
4.3 A-priori determination of the allowable settlement  
We are looking for allowable settlement  𝑠!"# at the position 𝑥!,𝑦!, 𝑧! = (0,0,0) that satisfies 
Eq. (11). The target probability for intolerable damage is set to 𝑝! =5%.  
The allowable settlement is determined using the approach described in Sec. 3.1. The probability 
of damage conditional on measured settlements 𝑠! is calculated following Eq. (15), the results 
for 𝑠! in the interval from 0 to 40mm are displayed in Figure 8 for different positions of the 
tunnel face.  
 
Figure 8. Conditional probability of intolerable damage 𝑃𝑟  (𝐹!!"#!!.!"!% 𝑠!) as a function of measured 
settlement 𝑠! for different positions of tunnel face 𝑦!. 
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The allowable settlement   𝑠!"# for each location of the tunnel face 𝑦! can be determined from the 
intersection of the relevant probability curve with the 𝑝! line. The results are summarized in 
Table 5. For example, for 𝑦! =-20m, i.e. for the case when the tunnel face is 20m behind the 
building and the settlement is almost fully developed, the allowable settlement 𝑠!"# is 25mm. On 
the contrary, for 𝑦! =0m, i.e. for the case when the tunnel face is beneath the building, the 
allowable settlement 𝑠!"# is 10mm. The generated settlements in the zone of analysis when the 
tunnel face is still far are generally small due to the shift of the longitudinal profile (𝛿 = 0.3). 
Hence, the measurements will have limited expressiveness with the presented model. For this 
reason, the measurement error will dominate at these locations and no measurement will 
sufficiently reduce the probability of intolerable damage. Therefore, the analysis at tunnel face 
locations 𝑦! =+5m and 𝑦! =+10m is not performed in the following.   
Table 5. Prior values of allowable settlement for different locations of tunnel face. 
Position of tunnel face  𝒚𝒔 =0m 𝒚𝒔 =-5m 𝒚𝒔 =-10m 𝒚𝒔 =-20m 
Prior allowable settlement, 𝒔𝒍𝒊𝒎 10mm 15mm 21mm 25mm 
4.4 Updating with observations from monitoring instruments 
The prior estimation of the allowable settlement is updated with earlier measurements made in 
other locations within the same quasi-homogeneous section of the tunnel, following the 
procedure described in Sec. 3.2. For the numerical investigation, two different data sets denoted 
as DS1 and DS2 are used.  
DS1 consists of two real measurements of the settlement performed in the same quasi-
homogeneous section (Figure 6): measurement 𝑠! =11mm was taken at position (𝑥!,𝑦!, 𝑧!) =(0,40,0) and measurement 𝑠!=19mm was taken at  (𝑥!,𝑦!, 𝑧!) = (0,20,0), as shown in Figure 6. 
Both measurements were made at the moment when the tunnel face was under the location of the 
measurement, therefore 𝑦!!=+40m and 𝑦!!=+20m.  
DS2 is a hypothetical data set, introduced for illustration purposes. The measured settlement 
values are: 𝑠! =19mm taken at position (𝑥!,𝑦!, 𝑧!) = (7,20,0), 𝑠! =18mm taken at position (𝑥!,𝑦!, 𝑧!) = (0,40,0) and 𝑠! =19mm taken at position (𝑥!,𝑦!, 𝑧!) = (−8,20,0). Measurements 𝑠! and 𝑠! are taken close to the inflection point of the transverse Gaussian settlement profile, 
whereas 𝑠! is taken at tunnel centerline. All three measurements are taken at the moment when 
the tunnel face is underneath the building, so that 𝑦!! = 𝑦!! = 𝑦!! = 0m. DS2 indicates a higher 
volume loss and a flatter settlement profile than DS1.  
Table 6 shows the updated values of allowable settlement with the two datasets. Accounting for 
the measurements DS1 slightly reduces the allowable values of settlement compared to the prior 
values shown in Table 5. Accounting for the measurements DS2 slightly increases these values. 
The reason for these opposite trends is the posterior distribution of the trough width parameter 𝐾 
at the location of the building, conditional on DS1 or DS2; its CDF is presented in Figure 9. It 
can be observed that the measurements DS1 lead to a lower posterior estimate of 𝐾 indicating a 
sharper profile, whereas DS2 lead to a higher posterior estimate of 𝐾 indicating a flatter profile. 
The sharper profile is more critical for the buildings since it produces higher deflection ratios and 
thus more severe damages. Because the volume loss 𝑉! is not correlated from one location to 
another, only the trough width parameter 𝐾 can be learned. Overall it can be observed that with 
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the assumed correlation model, the overall effect of the additional measurements is relatively 
small.  
Table 6. Values of allowable settlement 𝑠!"# for different locations of tunnel face updated with the two 
datasets.  
Position of tunnel face 𝒚𝒔 =0m 𝒚𝒔 =-5m 𝒚𝒔 =-10m 𝒚𝒔 =-20m 𝒔𝒍𝒊𝒎 updated with DS1 8mm 14mm 20mm 23mm 𝒔𝒍𝒊𝒎 updated with DS2 11mm 16mm 22mm 26mm 
 
 
Figure 9. Prior and updated cumulative density function of trough width parameter 𝐾. 
5. Parametric study 
In this section, the influence of selected model parameters on the allowable settlement is 
examined.  
5.1 Influence of the shift of the longitudinal Gaussian settlement profile characterized by 
parameter 𝛿  
Following Eq. (4), the parameter 𝛿 defines the ratio between the immediate surface settlement 
above the tunnel face and the maximal settlement 𝑆!"# at a location far from the face. In 
Sections 4.1-4.4 it was assumed that 𝛿 = 0.3, i.e. that at the moment when the tunnel face is 
under the location of interest, the settlement at this location corresponds to 30% of the 
final/maximal settlement 𝑆!"#. The longitudinal Gaussian settlement profile is thus shifted in the 
horizontal direction as illustrated in Figure 4. In the practice, however, it is common to assume 𝛿 = 0.5. The influence of this assumption is tested here. 
Table 7 shows the a-priori allowable settlement 𝑠!"# for both δ=0.3 and δ=0.5. The allowable 
settlement for 𝛿=0.5 for positions of tunnel face close to the analyzed building, i.e. for 𝑦! being 
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in the interval from 𝑦! = +0m to 𝑦! = −10m, are higher than for 𝛿=0.3. The reason for the 
higher allowable values in case of 𝛿=0.5 is that we assume an earlier development of the 
settlement (50% of the final settlement at the moment when the face undergoes the building) and 
thus a smaller increase of the settlement after the tunnel face passes the building. A higher 
settlement is thus acceptable.  
Table 7. Prior values of allowable settlement for different locations of tunnel face for different values of 𝛿. 
Ratio 𝜹  \ Position of tunnel face 𝒚𝒔 =0m 𝒚𝒔 =-5m 𝒚𝒔 =-10m 𝒚𝒔 =-20m 𝜹=0.3 10mm 15mm 21mm 25mm 𝜹=0.5 13mm 19mm 23mm 25mm 
5.2 Influence of the uncertainty of ground parameters 𝑉! and 𝐾  
In the Gaussian profile model of tunneling induced settlement, the ground is described by 
volume loss 𝑉! and trough width parameter 𝐾, as discussed in Section 2.1, which are here 
modeled probabilistically, following Table 2. To assess the influence of the assumptions on the 
uncertainty in 𝑉! and 𝐾, the computations are repeated with the standard deviations of these 
variables doubled, from 𝜎! =0.06 to 𝜎! =0.12, and from 𝜎!! =0.16 to 𝜎!! =0.32. (The 
parameters of the corresponding lognormal distributions are 𝜇!! =-1.28, 𝜎!! =0.39, and 𝜇!!! =-
1.16, 𝜎!!! =0.7.)  
A comparison of the resulting allowable settlements obtained with the original model to those 
from the modified model is shown in Table 8. It can be seen that increasing the standard 
deviation of the RVs leads to stricter (lower) limits on the allowable settlement, because a higher 
uncertainty on the ground behavior causes a higher probability of intolerable damage. Increasing 
the standard deviation of both 𝑉! and 𝐾 by a factor of two leads to a reduction of the allowable 
settlement by 10% - 30%.  
Table 8. Prior values of allowable settlement for different positions of tunnel face for different standard 
deviations of the ground parameters 𝑉! and 𝐾.  
Uncertainty on ground parameters \ Position of tunnel face 𝒚𝒔 =0m 𝒚𝒔 =-5m 𝒚𝒔 =-10m 𝒚𝒔 =-20m 𝜎! =0.06  𝜎!! =0.16 10mm 15mm 21mm 25mm 𝜎! =0.12  𝜎!! =0.32 7mm 13mm 18mm 19mm 
5.3 Influence of the correlation coefficients 𝜌!! and 𝜌! 
The spatial correlation of the geotechnical parameters volume loss 𝑉! and trough width 
parameter 𝐾 is modeled by means of a constant autocorrelation function as described in Section 
3.2. The spatial correlation determines the effect of measurements made at other locations of the 
quasi-homogeneous section on the probabilistic model, and consequently the allowable 
settlement, at the location of interest. Earlier it was assumed that the trough width parameter 𝐾 is 
correlated with correlation coefficient 𝜌! = 0.7 and the volume loss 𝑉! is uncorrelated, therefore 𝜌!! =0. This implies that learning of 𝑉! based on measurements from other locations was not 
possible.  
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To assess the effect of the correlation, the correlation coefficient of 𝑉! is modified to 0.7, 
whereas the one for 𝐾 is kept, i.e. 𝜌! = 𝜌!! = 0.7. The resulting allowable settlements are 
summarized in Table 9. It can be observed that the higher correlation leads to a slight increase in 
the allowable settlements. With the higher correlation, the uncertainty in 𝑉! at the location of 
interest is reduced, as evident from Figure 10.  
Table 9. Updated values of allowable settlement for different positions of tunnel face for different 
correlation coefficients  𝜌!! and 𝜌!. 
 Position of tunnel face 𝒚𝒔 =0m 𝒚𝒔 =-5m 𝒚𝒔 =-10m 𝒚𝒔 =-20m 𝜌! = 0.7, 𝜌!! = 0 𝒔𝒍𝒊𝒎 updated with DS1 8mm 14mm 20mm 23mm 𝒔𝒍𝒊𝒎 updated with DS2 11mm 16mm 22mm 26mm 𝜌! = 0.7, 𝜌!! = 0.7 𝒔𝒍𝒊𝒎 updated with DS1 8mm 15mm 21mm 24mm 𝒔𝒍𝒊𝒎 updated with DS2 12mm 18mm 24mm 29mm 
 
 
Figure 10. Prior and updated cumulative density function of 𝑉! with 𝜌!! =0.7 
5.4 Influence of the uncertainty of the model error 𝐸! and measurements error 𝐸! 
The determination of allowable settlements is based on the probability of damage conditional on 
measured settlements 𝑠!, Eq. (11). This probability can be determined by reliability updating 
techniques based on the likelihood of a certain observation 𝑠!, Eq. (13). This likelihood is 
defined as the probability of having a certain error between the measured settlement 𝑠! and the 
settlement 𝑆 given by the Gaussian profile model. Therefore, the PDF of the total error 𝐸! 
depends on the distribution parameters of the ground model error 𝐸! and the measurement error 𝐸!. These errors are considered as random with normal distribution and mean and standard 
deviation according to Table 2: the measurement error 𝐸! was assumed to have a standard 
deviation of 1 mm while the model error 𝐸! a standard deviation of 2mm.  
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To investigate the effect of the distribution of these errors, computations are repeated with 
reduced standard deviations of the errors. Table 10 compares the allowable values for the 
original assumption with the case in which the standard deviations of both errors are decreased to 
50% of the original value. As can be observed, the higher the uncertainty on the model errors, the 
lower the allowable values of settlements 𝑠!"#, but the difference among the two investigated 
cases is low. 
Table 10. Prior values of allowable settlement 𝑠!"# for different positions of tunnel face for different 
standard deviations of the measurement error 𝐸! and of the ground model error 𝐸!.  
Position of tunnel 
face 𝒚𝒔 =0m 𝒚𝒔 =-5m 𝒚𝒔 =-10m 𝒚𝒔 =-20m 𝜎𝑬𝒇 =2mm  𝜎𝑬𝒎 =1mm 10mm 15mm 21mm 25mm 𝜎𝑬𝒇 =1mm  𝜎𝑬𝒎 =0.5mm 10mm 16mm 22mm 26mm 
 
6. Discussion 
In the case study, the allowable value of settlement is determined as 25mm for positions where 
the settlement is fully developed (far from the tunnel heading). This value corresponds well with 
the allowable settlement that was used during the construction (24mm). For buildings with 
shallow foundations and deteriorated initial states, a more restrictive allowable settlement value 
of 8mm was employed. Indeed, the foundations and the initial state of the buildings may play an 
important role on the structural response of buildings. The modeling of these aspects by means of 
equivalent beam method is limited. In such cases, an engineering judgment can be used to 
decrease the allowable settlement to more reasonable values. Alternatively, the reliability based 
approach for determining the allowable value of settlement proposed in this paper can be 
combined with more advanced physical models of the ground and building behavior. To keep the 
computational costs reasonable, the Monte Carlo approach utilized in this paper would have to 
be replaced with more efficient methods such as subset simulation (see Section 3).   
The parametric analysis in Sec. 5 has shown the influence of the model parameters on the 
determination of allowable settlements. Variations of the 𝛿 ratio, the measurement error 𝐸! and 
the ground model error 𝐸! have little effect on the allowable settlements, whereas the uncertainty 
of ground parameters (𝐾, 𝑉!) and the correlation coefficients (𝜌!, 𝜌!!) show a more significant 
influence. However, the changes in the results with the different assumptions are generally 
limited, which indicates that the method is applicable even when limited information about the 
site is available.  
It was shown in Table 4 that a-priori, i.e. before the measurements, the probability of intolerable 
damage is higher than the selected value of 𝑝! (5%). For this reason, the resulting allowable 
settlement values 𝑠!"# are always stricter (lower) than the expected settlement values 𝑆 shown in 
Table 3. Therefore, the selected value of 𝑝! could be seen as too strict. An improved choice of 
the target probability for intolerable damage 𝑝! could be obtained by means of a risk-based 
approach. Expected monetary damages and consequences should be considered in a decision 
analysis for evaluating the optimality of decision alternatives. Mitigation measures could be 
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implemented, such as the stabilization of ground with retaining walls or grout injection, and the 
cost of such measures should be compared against the risks incurred by continuing the 
construction process without them. The probability of intolerable damage could then be 
substituted by a threshold value for the acceptable risk. Such an approach could be implemented 
into practice by means of specific software used at tunnel construction control. This software 
would contain information about the probabilistic model shown throughout this paper and a 
database of those buildings that are potentially subjected to ground subsidence. Monitoring data 
gathered during the excavation would be used for updating of the probabilistic model. The 
existing risk at every location of tunnel face would be quantified and compared with the 
threshold value to decide whether the excavation should continue or mitigation measures should 
be implemented.  
7. Conclusion 
The paper presented a model for probabilistic prediction of building damage due to tunneling 
that is applicable in engineering practice (Sec. 2). A Gaussian profile model was used to simulate 
the settlement trough produced by tunneling. The equivalent beam method was then applied to 
determine the damage on buildings. The parameters describing the ground behavior and the 
building response were considered as uncertain. Additionally, the measurement and model errors 
were taken into account. An extension of the equivalent beam method was used to analyze 
buildings, which are not transverse to the tunnel axis.  
A novel method for determining allowable settlements was presented (Sec. 3), which is a more 
systematic reliability-based approach with an explicit rationale than the deterministic 
methodology typically used in practice. Allowable settlements were defined as a settlement for 
which the probability of damage to the building is acceptably low. The allowable settlement 
differs for different positions of the tunnel heading: they are stricter if the TBM is approaching 
the building and the settlement is not fully developed and they increase after the tunnel face 
passes the location of the building. The proposed reliability-based approach additionally allows 
incorporating measurements made during the construction for updating the prediction of ground 
behavior and for updating the allowable settlements. 
The proposed procedure was demonstrated on a case study of a tunnel construction in Barcelona 
(Sec. 4). The input values were selected based on the real documentation of the project and the 
results show a good agreement with the observed settlements and damages during the 
construction. A parametric study has shown the influence of the different model parameters on 
the resulting predictions. It was shown that the effect of the assumptions made in the 
probabilistic model have limited effect on the resulting allowable settlements.  
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Annex A. Maximum bending and shear strains due to deflection 
Based on the shape of the settlement trough obtained according to Sec. 2.1, the maximum 
deflection ratios ∆/𝑙 that are affecting the building are calculated; 𝑙 is the horizontal distance 
between two reference points and ∆ is the relative deflection between these two points. This 
relative deflection is given by the difference between the settlement profile and the straight lines 
connecting the settlements at the building extremes and at the inflection points (see Figure A.1). 
Inflection points define the position of the profile curvature change: Upwards concavity is 
known as sagging deflection, whereas downwards concavity refers to hogging deflection.  
The calculation of Eqs.(5)-(7) is performed separately for the zone of the building undergoing 
sagging deflection and for the zones undergoing hogging deflection. Since the field of 
settlements is described by Gaussian profiles, the number of inflection points located along the 
position of the building can be 0, 1 or 2, depending on its length 𝑙!"#$%, distance from building 
reference point 𝐴 to the origin of coordinates 𝑑!"#$ (Figure 2) and alignment 𝜃 with respect to 
the tunnel axis.  For this reason, the building might be subjected to the following cases (Camós 
and Molins, 2015):   
a) The building is subjected only to sagging (short buildings located above the tunnel axis; 
no inflection points are located along the building). 
b) The building is subjected only to hogging (buildings located far from the tunnel 
longitudinal axis; no inflection points are located along the building). 
c) The building is subjected to sagging and hogging (building starts in the zone above the 
tunnel (sagging) and reaches the hogging deflection zone; 1 inflection point is located 
along the building).  
d) The central part of the building is subjected to sagging and its laterals to hogging (2 
inflection points are located along the building).  
Therefore, the total length of the building 𝑙!"#$% can be decomposed in three parts: 𝑙!!"!, 𝑙!!"!and 𝑙!"# (Figure A.2), so that three different deflection ratios can be defined: ∆!"#/𝑙!"#, ∆!!"!/𝑙!!"! and ∆!!"!/𝑙!!"!.  
Using the deflection ratios ∆/𝑙 for the respective deflection zone, the maximum bending (𝜀!"#$) 
and shear (𝜀!"#$) strains for the given zone are calculated as (Burland and Wroth, 1974): 
𝜀!"#$ = ∆𝑙𝑙12𝑡 + 3𝐼2𝑎𝑙𝐻 𝐸𝐺  (A.1) 
𝜀!"#$ = ∆𝑙1+ 𝐻𝑙!18𝐼 𝐺𝐸  (A.2) 
where 𝐻 is the beam height, 𝐼 is the inertia per unit length which is equal to 𝐻!/12, 𝑡 is the 
position of the neutral axis and 𝑎 is the location of the fiber where strains are calculated. In case 
of sagging deflection, the neutral axis is assumed to be at middle height (𝑡 = 𝐻/2). In case of 
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hogging deflection, the neutral axis is assumed to be at the top fiber (𝑡 = 𝐻). Strains are 
calculated in the most critical fiber from the position of the neutral axis, so that 𝑎 = 𝑡  in both 
cases. 
 
 
Figure A.1. Deflection ratios for sagging and hogging zones of the building.  
 
Figure A.2.  Equivalent beam model - Building geometry   
Annex B. Ground horizontal strain  
Horizontal displacements in [mm] in the transverse (𝑈!) and longitudinal (𝑈!) directions with 
respect to the tunnel axis at a certain position with coordinates 𝑥,𝑦, 𝑧 in [m] are given by 
(O’Reilly and New,1982): 𝑈! = 𝑥𝑧! − 𝑧 · 𝑆     (B.1) 𝑈! = 1000 · 𝑉! · 𝑑!8 · 𝑧! − 𝑧 · (B.2) 
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· 𝑒𝑥𝑝 − 𝑦 − 𝑦! + 𝑦! ! − 𝑥!2 · 𝐾!! · 𝑧! − 𝑧 ! − 𝑒𝑥𝑝 − 𝑦 − 𝑦! ! − 𝑥!2 · 𝐾!! · 𝑧! − 𝑧 !  
 
where 𝑉! is the unit volume loss, 𝑑 is the tunnel diameter, 𝑧! is the depth of tunnel axis, 𝐾! and  𝐾! are the trough width parameters of the Gaussian settlement profiles in the transverse and 
longitudinal directions respectively, 𝑦! represents the position of the tunnel face, 𝑦! determines 
the distance of the tunnel end location, 𝑦! is the horizontal shift of the longitudinal settlement 
profile with respect to the tunnel face defined in Eq. (3) and 𝑆 is given by Eq. (1).   
The field of strains in both directions is given by: 𝜀!,!! = 𝜕𝑈!𝜕𝑥 = 𝑆1000𝑧! − 𝑧 · 1− 𝑥!𝐾!! · 𝑧! − 𝑧 !    
(B.3) 
 𝜀!,!! = 𝜕𝑈!𝜕𝑦 = 𝑉! · 𝑑!8 · 𝑧! − 𝑧 · −2𝑦 + 2 𝑦! + 𝑦!2 · 𝐾!! · 𝑧! − 𝑧 ! · 𝑒𝑥𝑝 − 𝑦 − 𝑦! + 𝑦! ! − 𝑥!2 · 𝐾!! · 𝑧! − 𝑧 !
− −2𝑦 + 2 𝑦!2 · 𝐾!! · 𝑧! − 𝑧 ! · 𝑒𝑥𝑝 − 𝑦 − 𝑦! ! − 𝑥!2 · 𝐾!! · 𝑧! − 𝑧 !  
(B.4) 
and  𝜀!,!" = 12 𝜕𝑈!𝜕𝑦 + 𝜕𝑈!𝜕𝑥   (B.5) 
where 
 𝜕𝑈!𝜕𝑦 = 𝑥𝑧! − 𝑧 · − 𝑉! · 𝜋 · 𝑑!2𝜋 · 𝐾! · 𝑧! − 𝑧 · 4 · 
· 12𝜋 𝑒! !! !!!!!!!· !!!!
!
! · 1𝐾! · 𝑧! − 𝑧 − 12𝜋 𝑒!
!!!!!!· !!!! !! · 1𝐾! · 𝑧! − 𝑧 · 
· 𝑒𝑥𝑝 − 𝑥!2 · 𝐾!! · 𝑧! − 𝑧 !  
(B.6) 
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𝜕𝑈!𝜕𝑥 = 𝑉! · 𝑑!8 · 𝑧! − 𝑧 · · −2𝑥2 · 𝐾!! · 𝑧! − 𝑧 ! 𝑒𝑥𝑝 − 𝑦 − 𝑦! + 𝑦! ! − 𝑥!2 · 𝐾!! · 𝑧! − 𝑧 ! − 𝑒𝑥𝑝 − 𝑦 − 𝑦! ! − 𝑥!2 · 𝐾!! · 𝑧! − 𝑧 !  
 
(B.7) 
Determination of 𝜀! in Eqs. (5)-(6) is also performed separately for the zones of the building 
undergoing sagging and hogging deflection. The nature of strain in sagging zones is compressive 
and therefore, they contribute favorably to damage reduction. A conservative approximation is 
taken considering null ground tensile strain in this part of the building, i.e. 𝜀!,!"#=0.  
The nature of strains in hogging is tensile and they contribute to damage production. Therefore  𝜀!,!!"! and 𝜀!,!!"! are taken as the mean value of 𝜀! given by Eq. (7) along the respective 
hogging length.  
 
Annex C. Maximum bending and shear strains due to deflection 
 𝑎  Height of the equivalent beam fiber where strains are calculated  𝑏  Distance between two locations within a quasi-homogeneous section  𝑐  Scaling constant  
c.o.v.  Coefficient of variation 𝑑   Tunnel diameter  𝑑!"#$   Distance from origin of coordinates to building reference point 𝐴 𝐸/𝐺   Material elastic / shear modulus ratio   𝐸!!"   Error of resultant extreme fiber strain in bending, accounting for ground strain  𝐸!!"   Error of resultant extreme fiber strain in shear, accounting for ground strain  𝐸!"!!",!   Error of maximum bending strain in hogging zone 1  𝐸!"!!",!   Error of maximum bending strain in hogging zone 2  𝐸!"!"#   Error of maximum bending strain in sagging zone   𝐸!"!!",!   Error of maximum shear strain in hogging zone 1  𝐸!"!!",!   Error of maximum shear strain in hogging zone 2  𝐸!"!"#   Error of maximum shear strain in sagging zone  𝐸!   Error including the ground model error and the settlement measurement error  𝐸!   Ground model error for settlement prediction  𝐸!   Settlement measurement error  𝐹!!"#   Failure of the construction process producing intolerable damage  𝑓!   Probability density function of 𝐸!  𝐻   Building height 𝐼   Inertia per unit length of the equivalent beam 𝑖! (or 𝑖) Location of inflection point in the transverse direction to tunnel axis  𝑖!   Location of inflection point in the longitudinal direction to tunnel axis  
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𝑘   Realization of trough width parameter   𝑘!   Trough width parameter at location of measurement 𝑠!   𝑘!   Trough width parameter at location of measurement 𝑠!  𝐾! (or 𝐾) Trough width parameter in the transverse direction to tunnel axis  𝐾!   Trough width parameter in the longitudinal direction to tunnel axis  𝑙  Horizontal distance between two reference points 𝑙!"#$%   Building length 𝑙!!"!   Building length in hogging zone 1  𝑙!!"!   Building length in hogging zone 2 𝑙!"#   Building length in sagging zone   𝐿!   Likelihood function Pr  (𝐹)  Probability of failure 𝑝!   Probability of intolerable damage 𝑅!   Constant autocorrelation function for variable 𝐾 𝑅!!   Constant autocorrelation function for variable 𝑉! 𝑆   Settlement  𝑺   Vector of settlement measurements  s!   Value of i-th settlement measurement  𝑠!"#   Allowable value of settlement 𝑠!"#∗    Updated allowable value of settlement 𝑠!   Realization of settlement measurement   𝑆!   Settlement measurement  𝑆!"#   Maximal settlement 𝑡  Position of neutral axis in the equivalent beam 𝑡!!"  Position of neutral axis in the hogging zone of the equivalent beam 𝑡!"#  Position of neutral axis in the sagging zone of the equivalent beam 𝑢   Realization of normal standard variable  𝑢!   Realization of normal standard variable at location of measurement 𝑠! 𝑈!  Ground horizontal movements in the transverse direction (to tunnel axis) 𝑈!  Ground horizontal movements in the longitudinal direction (to tunnel axis) 𝑣!!   Volume loss at location of measurement 𝑠!   𝑣!!   Volume loss at location of measurement 𝑠!  𝑉!   Ground volume loss 𝑣!   Realization of ground volume loss 𝐗   Vector of random variables  𝑥   𝑥-coordinate  𝑥!   𝑥-coordinate of measurement 𝑠!   𝑥!   𝑥-coordinate of measurement 𝑠! 𝑦   𝑦-coordinate  𝑦!!   Location of tunnel face when measurement 𝑠! is taken  𝑦!!   Location of tunnel face when measurement 𝑠! is taken  𝑦!   Horizontal shift of longitudinal settlement profile  𝑦!   Location of tunnel origin   𝑦!   𝑦-coordinate of measurement 𝑠!   
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𝑦!   𝑦-coordinate of measurement 𝑠!  𝑦!   Location of tunnel face  𝑧   𝑧-coordinate  𝑧!   Depth of tunnel axis   𝑧!   Depth of measurement 𝑠! 𝑧!   Depth of measurement 𝑠!  Δ  Relative deflection between two reference points Δ/𝑙  Deflection ratio ∆!"#/𝑙!"#  Deflection ratio in sagging zone ∆!!"!/𝑙!!"!  Deflection ratio in hogging zone 1 ∆!!"!/𝑙!!"!  Deflection ratio in hogging zone 2 𝛿   Ratio between surface settlement above tunnel face and maximal settlement at 
infinite distance of the face  𝜀!"#$   Maximum tensile strain in the equivalent beam due to bending 𝜀!"!!",!   Maximum bending strain in hogging zone 1  𝜀!"!!",!   Maximum bending strain in hogging zone 2  𝜀!"!"#   Maximum bending strain in sagging zone   𝜀!"   Resultant extreme fiber strain in bending, accounting for ground strain  𝜀!"#$   Maximum tensile strain in the equivalent beam due to shear 𝜀!"!!",!   Maximum shear strain in hogging zone 1  𝜀!"!!",!   Maximum shear strain in hogging zone 2  𝜀!"!"#   Maximum shear strain in sagging zone  𝜀!"   Resultant extreme fiber strain in shear, accounting for ground strain  𝜀!,!!"!  Resultant horizontal ground strain at surface in hogging zone 1  𝜀!,!!"!  Resultant horizontal ground strain at surface in hogging zone 2  𝜀!,!"#   Resultant horizontal ground strain at surface in sagging zone 𝜀!   Resultant horizontal ground strain   𝜀!"#   Limit strain value for damage classification  𝜀!"!   Maximum strain in the equivalent beam  𝜀!,!!   Component 𝑥𝑥 of ground strain infinitesimal tensor 𝜀!,!!   Component 𝑥𝑥 of ground strain infinitesimal tensor 𝜀!,!"   Component 𝑥𝑦 of ground strain infinitesimal tensor 𝜀!,!!   Component 𝑦𝑦 of ground strain infinitesimal tensor 𝜃   Building alignment respect to 𝑥 axis  𝜇!!   Lognormal parameter of 𝑉! 𝜇!!!    Modified lognormal parameter of 𝑉! 𝜇!   Lognormal parameter of 𝐾 𝜇!!    Modified lognormal parameter of 𝐾 𝜌!   Correlation coefficient of 𝐾 𝜌!!   Correlation coefficient of 𝑉! 𝜎!!   Standard normal deviation of 𝐸! 𝜎!!   Lognormal parameter of 𝑉! 
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𝜎!!!    Modified lognormal parameter of 𝑉! 𝜎!   Lognormal parameter of 𝐾 𝜎!!    Modified lognormal parameter of 𝐾 Φ(·)   Cumulative standard normal distribution function  Ω!   Observation domain Ω!   Failure domain  Ω!   Corresponding observation domain for measurement 𝑠! 
 
 
 
 
 
